Within the Commission for the Conservation of Southern Bluefin Tuna there has not been agreement on a mechanism for adjusting quotas for the resource. It has been proposed that development of a decision-rule-based management strategy is an issue of high priority, indeed a matter of urgency. Results are presented from an initial application of a Monte Carlo management strategy evaluation (MSE) approach aimed at developing a rebuilding strategy for the stock. Southern bluefin tuna (Thunnus maccoyii) provides a substantial test of the power of this approach to develop a decision framework that can cope with large uncertainties about the current state of the stock and conflicting information from the fishery that is used in stock assessment. The results indicate that a robust feedback decision-making framework can be developed which ensures fast rates of recovery across the broad range of interpretations about stock dynamics and current status of the resource. Among the harvest strategies examined, the F 0.2 , F 0.1 , and SSB/R strategies were clearly the most robust and consistent in terms of recovery and sustainability. Fast recovery rates were only achieved with strategies that had catches substantially below 1998 levels. Within the strategies examined, little scope exists for improvement in yield without a direct loss in recovery performance. For the MSE approach to succeed, the operating, sampling, and conditioning model components must incorporate the full uncertainty about the real stock and the sampling processes appropriately. There is clearly scope for improving and broadening the way uncertainties have been handled in this initial examination. In particular, uncertainties associated with the catch-at-age, the relationship between the c.p.u.e. and true abundance, and the conditioning of the historical population sizes in the face of inconsistent historical data, need further development. As the MSE approach requires conditioning to historical data, full and appropriate incorporation of uncertainty into stock assessment and conditioning would lead to a better basis for developing and evaluating management procedures that will work.
Introduction
A wide range of interpretations about stock status and the consequences of a specific management action are a frequent outcome of fish stock assessment, particularly when different teams of scientists are conducting separate analyses on the same stock. The range of interpretations generally reflects large uncertainties and gaps in the data available for the assessment, combined with lack of knowledge on the processes governing the population dynamics. When presented with such a range, management bodies can have difficulty reaching decisions on appropriate actions, particularly at an international level, where consensus among all members is required for any management action to be accepted. In situations where there is conflicting scientific opinion, the scientific process is perceived to have failed. The solution is often seen to be either finding another group of scientists to provide a judgement of what the consensus view should be, or obtaining key data that will eliminate all but one interpretation. However, such solutions are frequently illusory. It is possible (and not uncommon) to iterate through a series of such ''solutions'' and still be left with a wide range of interpretations.
The problem is not so much that the scientific process has failed, but that the management system (which includes the scientific assessment process) has generally not developed approaches for dealing with the inherent uncertainty underlying stock assessment techniques and methods. This is becoming increasingly recognized, as is the need for the development and evaluation of alternative decision-making frameworks. The decision-making framework needs to encompass both the harvesting strategy, or management decision rule, and also specification of the data and procedures to be used for calculating the specific management action. These latter elements are often the source of the wide range of interpretations.
An approach that is becoming increasingly used for developing and evaluating alternative decision rules is to use Monte Carlo simulation techniques that incorporate not only the uncertainty in the underlying dynamics of the resource in response to management actions, but also the uncertainty in the methods and data used to assess the status of the resource for making those management actions (e.g. De la Mare, 1986; Bergh and Butterworth, 1987; Butterworth et al., 1993; Kirkwood, 1997) . The approach is based on recognition that it is the combination of the uncertainties about the dynamics of the system plus the ability to measure relevant information about the system that determines the performance and robustness of a management decision-making framework. As such, simulations iteratively model the current status of the resource, the collection of data with sampling errors, assessment of the data, management decisions based on the assessment and finally the consequences of the decision on the status of the resource. By constructing alternatives within each of these components, it is possible (at least in principle) to construct and evaluate management system models that encompass the full range of uncertainties and interpretations that exist about a system.
Results are presented from an initial application of this Monte Carlo management strategy evaluation (MSE) approach aimed at developing a rebuilding strategy for the southern bluefin tuna (Thunnus maccoyii) stock. The species provides a substantial test of the power of this approach to develop a decision framework that can cope with large uncertainties and inconsistent information. The assessment is characterized by large uncertainties in the input data and the appropriate biological parameters (Polacheck et al., 1998a) . Moreover, there are inconsistencies among the temporal trends in standardized c.p.u.e. indices for the different age classes if these indices are assumed to be linearly related to abundance (CCSBT, 1996; Polacheck et al., 1998c) . These have led to a range of possible interpretations, hypotheses, and model structures being used in stock assessment. Nevertheless, the resulting assessments have yielded robust conclusions about the current status of the stock relative to historical levels (CCSBT, 1998b; Polacheck et al., 1998a) .
The challenge in applying this MSE approach to the southern bluefin tuna situation is whether a model framework can be developed that both adequately takes into account the uncertainties and inconsistencies in the data and assessments and which still can provide robust feedback decision-making leading to stock rebuilding. In this initial application, the focus has been to assess the robustness and behaviour of various harvest strategies in combination with different VPA assessment models to a broad range of interpretations about stock dynamics and current status of the resource.
Background
Southern bluefin tuna are long-lived, highly mobile fish, which are widely distributed throughout most of the southern temperate ocean except in the more easterly regions of the South Pacific (primarily between 35 and 45 S). All information suggests that it is a single stock with only one known breeding area in tropical waters south of Indonesia. Juveniles tend to spend summer (December-April) in southern and eastern coastal waters of Australia, where they are harvested by surface fisheries (Caton, 1991) , and winter in deeper oceanic waters, where they are harvested by long-line fisheries. After about age 5, they are seldom found in coastal waters and are only vulnerable to long-line gear. Uncertainty still exists about their reproductive biology, but the most recent information suggests that the mean age at maturity is likely to be around 12, if not greater (Davis, 1995; Davis et al., 1998; Gunn et al., 1996; . Once mature, animals return to the spawning grounds between September and April. Individuals can live in excess of 40 years (Gunn et al., 1995) .
Commercial surface and long-line fisheries for southern bluefin tuna developed in the 1950s. The long-line fishery, which initially concentrated on the spawning grounds, expanded rapidly. Catches were largest in 1960 and 1961, but subsequently declined substantially as the catch rate dropped. In the mid-1960s, the long-line fishery moved away from the spawning ground to southern ''feeding'' grounds because the quality and hence the price of fish for the sashimi market was much higher. The Australian surface fisheries expanded through the 1970s and early 1980s. A major component of the surface fishery (off the south-east coast of Australia) collapsed in the late 1970s and results from tagging studies in 1983/84 indicated very high rates of exploitation of juvenile fish (Caton, 1991) . All recent stock assessments indicated a continuous and large decline in parental biomass as well as substantial declines in recruitment (CCSBT, 1998a, b; Polacheck et al., 1998a; Hilborn et al., 1998; Tsuji and Takeuchi, 1998) .
Informal international management arrangements involving Australia, Japan, and New Zealand were initiated in the early 1980s and were then formalized with the establishment of the Commission for the Conservation of Southern Bluefin Tuna (CCSBT) in 1994. Quotas were introduced in the mid-1980s and were progressively lowered, with a major reduction of 50% in 1988. Early quotas resulted in reductions in catches and rates of fishing mortality from the surface fisheries. However, it was not until the 1988 quota reduction (which took effect in 1989) that the quotas became restrictive for the long-line fleet. Since 1988, the quota has remained fixed at 11 750 t. However, catches have been increasing in recent years as a result of increased effort by long-line vessels from non-CCSBT members and in 1998 from the initiation of a unilateral experimental fishing programme by Japan. Catches from non-CCSBT managed sources now represent at least one-third of the global catch, with some estimates being substantially greater .
Rebuilding of the parental biomass to at least the 1980 level has been established as a primary management objective for the stock. The time-frame for achieving this was originally 2010, but the target date has more recently been put back to 2020. The CCSBT has no defined framework or decision rules for setting quotas. Quota setting is carried out via negotiations by the national commissioners to the CCSBT. In recent years, the CCSBT has had difficulties in reaching consensus on quota levels and, in 1997/98, it failed to agree on a quota for the 1998 quota year. The recovery probabilities under current catch levels have been a focal point of the discussion in the negotiations and the disparity among the estimates has been seen as the source of the impasse.
Methods

Management strategy evaluation framework
The general method and simulation framework used is similar to those described elsewhere (e.g. Smith et al., 1996) . The general framework consists of five main components:
an operating model that simulates the population and fishery dynamics; a sampling model that generates the data available for assessing the resource from the ''true'' state of the resource as simulated in the operating model; an assessment model that uses the data from the sampling model to provide estimates of resource status; a harvest strategy component that determines management actions (e.g. setting a Total Allowable Catch, TAC) based on the results of the assessment model and specified decision rules; a component for the calculation of an appropriate set of performance statistics. The first four components are sequentially iterated to simulate a time series of future population sizes, management actions, and catches. The results can then be used to evaluate the performance of a particular management strategy for a specific set of assumptions about the dynamics of the resource. Finally, a component is required to determine a range of initial starting values for the operating model that are consistent with the available historical information on the stock being evaluated. This process is referred to as conditioning. Figure 1 provides a schematic representation of the overall framework and the interrelationship between the different components. Brief descriptions of each of the components as implemented here are provided below.
Operating model
The operating model used for characterizing the dynamics of the resource is based on a single stock and sex population projection based on standard catch and population dynamic equations. The Beverton and Holt (1957) model was used to model the stock-recruitment relationship. For stochastic projection, lognormally distributed error about the stock-recruitment relationship was assumed. The operating model divides the fisheries into three separate components, an Australian surface fishery component, a Japanese long-line component (which also includes catches by New Zealand vessels), and a long-line component for catches by non-CCSBT members. Future selectivity patterns for each fishery component are assumed equal to that estimated using the last year of observed catches. Catches by non-CCSBT members are assumed to remain at recent levels into the future, and are not changed by quotas set by any of the management strategies. Future catches by member countries are assumed to maintain the same proportion (by weight) of the global TAC. Age at sexual maturity was assumed to be 12 years. Mean weight-atage in the catch and mean weight-at-spawning for calculating spawning stock biomass (SSB) are assumed equal to the values currently used in stock assessment (see Polacheck and Preece, 1998, for details) . Recent data suggest that natural mortality changes with age, and a range of age-specific natural mortality vectors has been developed as a plausible hypothesis for use in assessments (Polacheck, 1996; CCSBT, 1997; Polacheck et al., 1997) . Three of these vectors were chosen as representative of the potential range for the analyses. They are referred to as vectors 2, 6, and 9 to be consistent with their naming within the documentation in the CCSBT Scientific Committee ( Table 1) .
As the assessment is reliant on Japanese long-line c.p.u.e. data, a key component of the operating model is the underlying relationship between the actual stock size and realized catch rates. The c.p.u.e. indices of abundance used are standardized to take into account spatial and temporal effects. The spatial/temporal distribution of fishing has varied considerably over time. There are large area interactions, and many areas were fished historically but no longer. These two factors mean that it is necessary to estimate the density in areas with no effort relative to those areas with effort in order to derive an overall index of abundance. Some alternative c.p.u.e. indices have been derived, based on different assumptions for the relative density in the areas not fished (Thomas and Toscas, 1997; Toscas et al., 1998; Hearn and Polacheck, 1998) . Two c.p.u.e. models are common to all recent southern bluefin tuna assessments (e.g. Polacheck et al., 1998c; Tsuji and Takeuchi, 1998) and were chosen in these initial MSE analyses as the two possible models that needed to be mimicked by the operating model. These two indices represent bounds on the c.p.u.e. indices in a given year. The c.p.u.e. index referred to as the ''variable square'' assumes that the density of fish in unfished areas is low, and that fishermen are able to track changes in the spatial distribution of the stock. The other c.p.u.e. index, referred to as the ''constant square'', assumes that the density in the non-fished squares is equal to the average of that in the fished squares within an area and time period, and that fishers essentially fish at random within the range of the stock.
The problem of how best to simulate the expected c.p.u.e. index into the future, if it were to be estimated by either the constant or variable square approach, is not straightforward. In the current paper, two approaches were taken: (i) In the first approach, it is assumed that, whatever model is actually used, the relationship between the future c.p.u.e. index and abundance will be linear. The slope of the regression (i.e. q) is estimated from the historical Ns used in the operating model and the c.p.u.e. index used by the assessment component. Under these scenarios, whatever indications of nonlinearity exist between the historical Ns being used by the operating model and c.p.u.e. is considered as having arisen by sampling error or that the source of the non-linearity will be rectified in the future. (ii) In the second approach, it is assumed that the relationship between the future c.p.u.e. index and abundance will be non-linear (i.e. q changes with abundance). The non-linear relationship is estimated as a polynomial function through the origin from the historical c.p.u.e. series being used by the assessment component and the historical Ns used in the operating model. Under these scenarios, whatever the form of the non-linear relationship that existed in the past is assumed will also occur in the future. In addition, it is assumed that the estimated relationship is relevant to abundance levels outside the range of the historical data. These approaches represent two of the simplest that could be adopted and are essentially statistical fitting procedures. They do not make any attempt to model the underlying processes and probably do not capture the uncertainty about the future relationship between c.p.u.e. values and abundance adequately. There is a need to develop a more process-oriented approach.
Historical component of the operating model and conditioning
The current assessments provide a large range of possible estimates for the number of fish in the current and historical population. This range reflects the uncertainty in the input parameters used. For any specific set of input values and assessment model, the resulting fitted VPA estimate can be considered a plausible interpretation of the history of the stock that can be fitted to the available catch, size, and c.p.u.e. data. The CCSBT process has not been able to develop agreed and objective methods for determining the relative plausibility of any of these different interpretations. However, concerns exist that some results are not internally consistent and can exhibit substantial lack of fit to the data when diagnostic test results are examined (CCSBT, 1996; Polacheck et al., 1998a, b, c) . Nevertheless, in this initial evaluation of potential management strategies for southern bluefin tuna, it was decided that it would be best to ensure that a broad range of possible interpretations be considered that encompassed the full range of uncertainties within the CCSBT process. It was also important in this initial evaluation that the number of scenarios for the historical component of the operating model be kept at a modest number in order to be able to examine efficiently a broad range of management strategies and uncertainties about the processes in the operating model. A set of 24 VPA results from the 1998 CCSBT assessments was used to determine the scenarios for the historical stock sizes in the operating model. The set was chosen to cover the range of interpretations for the major uncertainties in the current assessments and was not selected as constituting a representative sample from the VPA results. The options chosen were: plus group methods 1 and 4 (described below for the assessment model) variable and constant square c.p.u.e. indices natural mortality rate vectors 2, 6 and 9 catch history (i) official and (ii) additional catch including an alternative size frequency distribution for the Taiwanese catches. A complete cross among these options resulted in the set of 24 historical scenarios. This set yielded a wide range of initial starting conditions (Fig. 2) . Details of the various options and how they are implemented within the VPAs are described in Polacheck and Preece (1998) and Preece et al. (1998) .
As a range of VPA estimates was used for the initial starting population sizes, variability was introduced into the historical estimates of the catch-at-age matrix and c.p.u.e. observations. If this has not been done, then at the beginning of the simulations the ''true'' historical population in the operating model for one of the scenarios would have been exactly equal to that estimated by the assessment component. By introducing error in this way into the conditioning, the procedure is replicating on the computer what the range of observed historic data could have been expected given a ''true'' trajectory if the sampling had been done multiple times.
Sampling model
The assessment model requires two types of data: estimates of the number caught by age and estimates of age-specific c.p.u.e. indices. The estimates of the number at age were generated by assuming that a random sample of a specified number of fish was taken from the ''true'' catches generated by the operating model. This is a simple approximation for the sampling error in the catch-at-age matrix, whereas the true sampling process is complex. Variation in the specified sample size can be used to evaluate the sensitivity to random error (although it does not deal with the problem of possible bias). Here, a fixed sample size of 500 was used. Potential biases in the conversion of age to length resulting from cohort slicing are not considered.
The sampling error in the estimates of c.p.u.e. was assumed to be lognormally distributed for both the linear and non-linear relationship between c.p.u.e. and abundance in the operating model (see above). Errors were assumed to be uncorrelated and independent of population size both between and within age classes. However, the magnitude of the error (i.e. the SD of the lognormal distribution) was allowed to vary among age classes and was estimated from the residuals determined in the conditioning of the initial starting population sizes to historical c.p.u.e. data.
Future catch statistics are assumed unbiased. However, there are a number of potential biases in the current catch statistics that may persist into the future (some of which are considered in developing an alternative historical population size for the operating model). These biases include the actual catch levels resulting from possible non-reporting, high-grading and nonretention. In addition, recent information indicates that the size distribution of catches by the Taiwanese fleet is likely to be more skewed towards smaller fish than that of the Japanese fleet . Assessments have generally assumed the two fleets catch the same size distribution of fish.
Assessment model
The assessment component used in the MSE is an extended version of the ADAPT VPA approach (Gavaris, 1988) and is the same basic model that has been used in southern bluefin tuna assessments for several years (CCSBT, 1996; Polacheck and Preece, 1998; Tsuji and Takeuchi, 1998) . In those assessments, a large number of different VPA models is calculated reflecting uncertainties in the inputs and estimation procedures. A weighted average of these results is then used to provide managers with advice on the current and future projected stock status (see CCSBT, 1998a, b; Polacheck et al., 1998a) . Among the uncertainties considered in the assessment, the major ones include:
methods for estimating the size of the plus group including the validity of the c.p.u.e. time series for the plus group as an index of abundance interpretation of c.p.u.e. accounting for areas with no fishing effort in a given time period rates of natural mortality actual catch levels in recent years the age at sexual maturity. The assessment process has been simplified so that only a single version of the VPA model is used within a given MSE simulation. This was done to determine whether a robust strategy could be developed independently of the selection of the specific uncertainties and weightings. In doing this, it was recognized that there would be some large differences between the actual operating model and the assessed state of the stock. The population dynamics processes in the operating model could be very different from those used in the assessments (e.g. in terms of natural mortality rate, maturity, c.p.u.e. relationship). It would be possible to consider an assessment that took into account some of the uncertainties in these quantities (such as was done in the current SBT assessments) or even to try to learn about which was most appropriate from the information being supplied. However, the aim in these initial MSE analyses was to evaluate whether the signal coming from a single VPA assessment on relative changes in stock sizes would provide sufficient information for adequate feedback in setting quotas.
Four separate versions of the VPA assessment model were evaluated. These consisted of two different options for estimating the size of the plus group and two different interpretations of the c.p.u.e. data. These four were selected because the estimation of the plus group followed by the c.p.u.e. were identified as the largest contributors to the differences in the projection results in the most recent SBT stock assessment (CCSBT, 1998a, b) . The two plus-group options will be referred to as number 1 and number 4, reflecting their nomenclature in the CCSBT context. They were selected because they are among the more highly weighted options within the CCSBT. The two options entail different assumptions about the reliability of the plus group c.p.u.e. index as a measure of abundance and the consistency of the selectivity pattern in fishing mortality rate between the terminal age class and the plus group. The two different interpretations of the c.p.u.e. data were the variable and constant square models (see above).
In the base case assessments, the age at maturity was assumed to be 12 (the same as in the assessments used for conditioning and the operating models) and the natural mortality vector V6 was used (the middle vector of the vectors used in the operating model). Some sensitivity assessments were conducted in which alternative assumptions were made about these biological parameters. Similarly, in conditioning the historical catch at age, two alternative catch-at-age matrices were used that reflect uncertainty in total catch and the size distribution of the catch in recent years. In the base case assessments, the ''additional'' catch-at-age matrix was used by the assessment component, but some sensitivity assessments were conducted in which the ''official'' catch-at-age matrix was used. Table 2 summarizes the various assessment options considered.
Harvest strategies
Seven different harvest strategies are considered:
(1) Constant catch -the simplest harvest strategy used.
All future catches were simply set equal to current levels. This strategy was included as it provides a comparison of the potential benefits from employing a feedback decision rule. Also, the default management procedure since 1988 has been a constant catch. (2) F 0.10 -based on setting the quota so that the realized fishing mortality rate is equal to the level at which the yield versus the fishing mortality rate curve is 0.10 of that at the origin. The definition used here follows Sissenwine and Shepherd (1987) and differs from the conventional one because it takes into account the impact of fishing mortality on year-class strength in addition to yield-perrecruit effects. (3) F 0.20 -the same as (2), except that a value of 0.20 is used. (4) F msy -also similar to (2), except that it sets the realized rate of fishing mortality to equal the maximum value on the yield versus fishing mortality rate curve. (5) Projection probability -is based on setting the current quota equal to a level calculated from stochastic population projections that yields a 75% probability that the stock will be above a specified target level at the end of a given period if catches are held constant. The target level chosen was the 1980 biomass and the time-frame was 2020, because these are the ones that have been established by the CCSBT. This procedure mimics the justifications currently used within the CCSBT when members attempt to negotiate quota levels based on the most recent stock assessment. Note, however, that the CCSBT has not adopted any specific probability level and the 75% figure was selected arbitrarily as a reasonably precautionary one. (6) SSB/R -based on setting the quota such that the realized rate of fishing mortality is some fraction of that which would result in recruitment replacing the current spawning stock over its lifespan (i.e. F rep ). The fraction of F rep is determined by the estimate of current spawning stock relative to a specified target level, i.e. the 1980 level of spawning stock. (7) Up-down -quotas are adjusted according to the most recent trends in spawning stock biomass. In this procedure, the ratio of the most recent estimate of the spawning biomass to that of the previous year is used as an estimate of the current rate of change. If this ratio is greater than one, then the next quota is set at the product of the previous quota times this ratio. If this ratio is less than one, then the next quota is set at the product of the current quota times this ratio squared. An additional component incorporated into all the above harvest strategies was that a constraint was placed on the maximum amount that quotas were permitted to increase or decrease at each management decision point.
For all the results presented here this constraint was set at 25%, which reflects the maximum desirable betweenyear quota variation indicated during informal discussion with Australian industry and managers. Some sensitivity results that have not been included suggest that the basic results were not highly sensitive to the value placed on this constraint. In addition, an absolute minimum quota level of 40 t was set for each of the three fishery components to reflect the fact that some by-catch would be likely even if quotas were actually set to zero. This also ensures some minimal catch information to allow the assessment procedure to estimate current stock sizes. Results were also calculated for scenarios with zero catches. The results provided a useful benchmark for comparing performances, particularly for scenarios in which recovery was not achieved.
Performance measures
Performance measures summarize results across a range of historical scenarios, as outlined in the conditioning section above. Five main performance indicators were considered: recovery ratio (SSB in 2020/SSB in 1980) mean annual yield between 1998 and 2020 percentage of scenarios which failed to recover (SSB in 2020 /SSB in 1980 percentage of scenarios in which the stock collapsed (collapse defined to have occurred if the SSB fell below 500 t) percentage of scenarios in which the stock continued to decline (SSB in 2020/SSB in 1998). For indicators, standard descriptive statistics (e.g. means, CVs, minima, maxima) were examined.
Results
Perfect information
As a first step in the evaluation process, a set of simulations was run in which the ''true'' state of the resource was available in applying the different harvest strategies (the assessment resulted in perfect information, i.e. that the numbers of age, natural mortality rates, etc. from the assessment exactly matched those in the operating model). All perfect information simulations were deterministic (i.e. they had no stochastic components in the stock-recruitment relationship or initial conditions).
A total of five of the 24 initial starting conditions failed to recover (i.e. reach the 1980 SSB level by 2020) even if no catches were taken from the population; two of these continued to decline below the current 1998 SSB level (Fig. 3) . One scenario that recovered was only 3% above the 1980 level by 2020. For the two initial starting conditions where the SSB continues to decline without catches, the net historical surplus production has been negative as estimated by fit to the historical stock and recruitment values (i.e. the stock-recruitment curve lies below the replacement yield line). These two scenarios, if plausible, would imply a regime-shift and that the stock is either no longer viable or that the equilibrium SSB level has declined greatly. The two scenarios represent non-viable populations. However, if these regime shifts are among the plausible historical scenarios to be considered, then alternative operating models with temporal change in the stock-recruitment relationship should also be considered. The other four scenarios that did not recover or only barely recovered would imply that the stock has very low surplus productivity.
It is not clear what the appropriate management criteria are for evaluating a population that may be experiencing a regime shift. Similarly, the appropriate criteria for populations that are not capable of achieving the recovery objective within the specified time-frame would differ from those that are. In all of the former cases, the main criterion would be one that could identify the low or negative productivity and minimize the difference between the SSB level achieved with a given strategy and that achieved if no catches were taken. In contrast, the main criteria for scenarios that can recover would be related to ensuring a high probability of recovery while also achieving high catches. For this reason, comparison of the performance of the different management strategies has been divided into two parts: one for scenarios that recover under no catches (RUNC scenarios, n=19) and the other for scenarios that fail to recover even with no catches (FRNC scenarios, n=5).
Only the ''no catch'' strategy (catch of zero for CCSBT members in all future years) resulted in 100% recovery for the RUNC scenarios. Of the management strategies examined, F 0.2 , F 0.1 , and SSB/R performed best with a >84% recovery, whereas the remaining strategies yielded <68% (Table 3 ). The F msy strategy performed worst, only 32% of the scenarios leading to recovery. Among those that yielded >80% recovery, the average final SSB level in 2020 was 1.51-2.06 times the recovery target level. This is reflected in the lower catches achieved with these more conservative strategies (Table 3 ). The constant catch and up-down strategies also produced higher average SSB levels than the recovery target (1.64 and 1.22, Table 3 ), but greater numbers of individual scenarios that failed to recover. The projection probability strategy came closest to achieving the recovery level on average, although below it at 0.89 (Table 3) . This is not surprising, because the decision rule in this case has accurate information on past and possible future stock levels. Therefore, the catch (particularly the final one) can be adjusted to achieve a specified level. For the FRNC runs, the projection probability strategy performed best in terms of average SSB levels in the final year. The F 0.2 , F 0.1 , and SSB/R and up-down strategies yielded relatively similar performance to the RUNC results and final SSB level that were on average 46-56% of the no-catch strategy (Table 4 ). The performance of the constant catch strategy was substantially worse and the F msy strategy improved, although it remained poor compared with other strategies.
Base case assessments with linear c.p.u.e. relationship
In scenarios in which the relationship between future c.p.u.e. and abundance is assumed to be linear, the F 0.1 and F 0.2 harvest strategies tended to have the most consistent performance across the different versions of the assessment models considered. In contrast, the F msy , projection and SSB/R harvest strategies were considerably more sensitive to the assessment model used (Fig.  4) . For those strategies, particulary F msy and projection, assessments based on plus group method 1 (i.e. assessments 1 and 2) tended to have substantially slower rates of recovery than assessments that used plus group method 4. As only one simulation was run for each combination of harvest strategy, assessment model and initial condition, some of the smaller differences in the results among the harvest strategies and assessment models may reflect only the variability induced by the stochastic components of the operating model and not true differences in performance. However, the larger differences are consistent in cases where the calculations were repeated. Moreover, the results for the constant catch strategy provide an indication of the variability introduced into the results attributable to the stochastic components of the operating model, because the quotas are fixed and therefore the assessment component has no effect on the results. The results for the constant catch runs also suggest that the larger differences are a consequence of the harvest strategy and/or the assessment model.
In addition to producing relatively consistent results irrespective of the assessment model, the F 0.2 strategy for the RUNC scenarios resulted in mean recovery ratios (2020 SSB/1980 SSB)>2.0 (Fig. 4a) . The F 0.1 and SSB/R strategies both produced mean recovery ratios of >1.0 for each assessment model, but showed more sensitivity to the assessment and poorer recovery performance than the F 0.2 strategy. The F msy strategy performed worst overall, and for no single assessment performed better than F 0.1 , F 0.2 , or SSB/R. The projection strategy had the greatest variability in results. Depending on the assessment method used, mean recovery ratios ranged from 0.5 to >3.0. The up-down and constant catch strategies had mean recovery ratios close to 1.0 with little variability. None of the strategies with any of the assessment models resulted in 100% of the scenarios recovering (Fig. 4c) . Half or more of the scenarios failed to recover with the up-down and constant catch strategies and, for some assessment methods, all scenarios failed to recover for the F msy and projection strategies. The F 0.1 and F 0.2 and SSB/R strategies had the lowest percentage of scenarios that failed to recover, with the F 0.2 performing best, achieving at least 70% recovery for all assessment methods. The constant catch and F msy strategies resulted in a substantial number of runs in which the final SSB was below the current (1998) SSB (Fig. 4e) . For the RUNC scenarios, the mean average yield varied by more than a factor of two depending on the assessment model used (Fig. 4b) . Not surprisingly, high yields were associated with low recovery ratios and higher percentages of non-recovered runs, the relationship being approximately linear (Fig. 5 ). There appears to be a direct trade-off between increasing yield and ensuring a high likelihood of achieving recovery. None of the strategies appear to be successful at distinguishing the more productive from the less productive scenarios to achieve higher levels of yield. A high percentage of recoveries was only achieved with strategies that had average catches substantially below current levels. Other than the constant catch strategy, the F 0.1 , F 0.2 , and up-down strategies achieved less variable recovery ratios and average catch than other strategies across the four assessment models (Fig. 4a, b ).
Sensitivity assessments with linear c.p.u.e. relationship
The results for the sensitivity simulations based on a range of assessment options with a linear c.p.u.e. relationship were remarkably similar, as they were also to base case assessment 4 (Fig. 6) . The assessment options in the sensitivity runs were all variants of base case 4 ( Table 2 ). The options included having the assessment component assuming different values for the rate of natural mortality, age at maturity, and the magnitude of the recent catch and undetected overcatching in the future. As such, the results suggest that the performance of the harvest strategy is not highly sensitive to the specific value used by the assessment within the range of uncertainty considered. The lack of sensitivity to the rate of natural mortality assumed by the assessment may be due to the fact that two-thirds of the scenarios in any set of evaluations will have assumed the wrong vector, whereas the other one-third will always have assumed Harvest strategy C o n s t a n t the correct one. Further, analyses are needed to determine if any marked improvement in performance is obtained if the ''true'' natural mortality vector can be determined. Surprisingly, assuming a younger age at maturity than is actually the case (i.e. assessments 6 and 9) had almost no effect on the results for any of the harvest strategies.
Base case assessments with non-linear c.p.u.e. relationship
The results in which a non-linear relationship was assumed between future observed c.p.u.e. and the ''true'' population size were similar to those when a linear relationship was assumed (Fig. 7) . For the RUNC scenarios, the performance of the F msy and projection harvest strategies with respect to recovery performance was somewhat improved. Only the F msy strategy still had scenarios in which the final SSB was substantially below the 1980 level for some assessments (Fig. 7a) . For the F msy , projection, and SSB/R strategies, the lowest mean recovery level and the percentage of scenarios that recovered tended to be greater in the non-linear results than in the linear results, particularly for assessments 3 and 4 (Fig. 7a, c) . The trade-off between mean yield and mean recovery ratios was also linear for these runs (Fig. 8) . Harvest strategy C o n s t a n t 
Assessment performance
The MSE simulations provide the ability to evaluate the performance of the stock assessment model to provide accurate estimates of historical population size. While this was not the primary objective, some indication of what the actual status of the resource versus what is perceived by the assessment model would be important in any application and also potentially for developing an improved management strategy. A basic performance measure of assessments is their ability to assess whether recovery had occurred. This would be particularly true for the projection and SSB/R strategies, which specifically incorporate the assessment's estimates of current status relative to the recovery level into the decision rule for future quotas. The different assessment options varied in their ability to judge correctly whether recovery had occurred. Considering the set of simulation results for the seven harvest strategies for the linear c.p.u.e. scenarios, assessment option 4 had the poorest performance among the base case options when looking at the final assessments in 2020 (Table 5) . Overall, it assessed only 44% of the simulations correctly, compared to 70% or more for the other three options. However, the different options also showed differences in which scenarios were assessed correctly. Therefore, options 1 and 2 (which use plus Harvest strategy C o n s t a n t group method 1) nearly always correctly assessed when a simulation had led to recovery, but were substantially poorer at assessing when a simulation had failed (57-66% assessed correctly). On the other hand, options 3 and 4 (which use plus group method 4) had a higher success rate in assessing correctly those simulations that failed, but were poorer at assessing correctly those that recovered. Option 4 was particularly poor at this, with only 20% of the simulations that recovered assessed correctly. These differences in assessment performance are reflected in the differences seen among the assessment options in the results for the projection and F msy harvest strategies.
Discussion
The results in this initial application of the MSE simulation approach for the southern bluefin tuna resource indicate that a relatively robust feedback decisionmaking framework can be developed that can result in good performance in terms of limiting further stock deterioration and achieving recovery across a broad range of interpretations about stock dynamics and the current status. With the exception of the simple up-down harvest strategy, all the other harvest strategies were able to achieve substantially improved performance over a strategy of constant current catches. However, for the F msy and projection strategies, this was assessmentdependent. For those two strategies, assessment options 1 and 2 resulted in recovery performance that was poorer than the constant catch.
The F 0.1 , F 0.2 , and SSB/R strategies clearly provided the most robust and consistent performance in terms of recovery and sustainability. In particular, the F 0.1 and the F 0.2 resulted in consistently faster rates of recovery. All these strategies were robust to the different assessment options. This was somewhat surprising, because the F strategies used here differ from conventional ones in that they take into account the impact of fishing mortality on year-class strength (i.e. the stockrecruitment relationship) in addition to yield-per-recruit effects. The stock-recruitment relationship is estimated by the assessment component and its estimation is variable. It should be noted that the operating model in this initial evaluation used a fixed selectivity within each fishery for calculating future catches. However, there have been marked changes in selectivity in the past, and the robustness of these F strategies to changes in selectivity needs to be evaluated. Modelling future changes in selectivity is not straightforward. Changes in the past appear to have been related to economic conditions as well as stock conditions and management actions. Nevertheless, it would be worthwhile to examine scenarios where there is targeting on the more abundant cohorts, particularly if the current competitive quota among the Japanese long-line fleet is likely to persist.
The overall good performance of the best strategies in terms of recovery came at the expense of lower yields compared to the other harvest strategies. Within the strategies examined, there appears to be little scope for improvement in yield without a direct loss in recovery performance. This is to be expected, because the 1980 SSB level is seen as a minimum level for rebuilding and not the target level around which the stock is to be maintained. Ensuring a high probability of being above a minimum level requires that the mean is substantially above this level. For the better-performing management strategies in terms of recovery, the stock in the long term would stabilize at SSB levels substantially in excess of the minimum rebuilding target of the 1980 SSB level. This is not surprising because the 1980 SSB level corresponds to a relatively low level (<25%) compared to the equilibrium level for the stock-recruitment relationship used in the operating model or the current estimates of the pre-exploitation level. Without having a postrecovery objective, it is not possible to define further comparisons of the trade-off in terms of long-term yield or to consider improved harvest strategies.
In a number of the individual simulations, estimates of stock size produced by the VPA assessment component became implausible (i.e. provided very high or very low estimates). It is likely, if the results were examined in detail, that substantial lack of fit would have been evident for a number of VPAs. In addition, some simulations in the VPA assessment had difficulties in converging (usually associated with low or collapsed stock sizes). Management is unlikely to be comfortable and willing to persist with the application of a harvest strategy based on assessment results that, at face value, appear implausible or have severe lack of fit.
Scientists responsible for providing advice would also presumably have strong reservations. It is not surprising that this kind of problem occurs in the scenarios being considered within this evaluation. The range of hypotheses for the underlying uncertainties is broad and the assessments must make an assumption about these uncertainties. When the assessment and ''reality'' in the operating models are greatly at odds, the contradictions would be expected to become manifest in the long term. In the MSE context, it is not clear how lack of fit and implausible assessment results can best be taken into account.
Potentially, the assessment component should be made so that it can ''learn'' more about the assumed components of the system as new information becomes available. This should also improve the overall yield statistics, because the system would be better able to capitalize on the actual productivity of the stock. This remains a major challenge within the VPA context without introducing arbitrarily into the MSE some increased knowledge about the system that is passed to the assessment component. One approach that might be considered would be to attempt to include multiple VPA results within the assessment component in a similar manner to that currently done in southern bluefin tuna assessments (Polacheck et al., 1998a) . If objective criteria can be established for determining implausible and poorly fitting results, they would provide a mechanism for setting the weights. Polacheck et al. (1998b) suggest a possible procedure for accounting for lack of fit to the tuning indices when combining VPA results.
No problem exists in theory for incorporating multiple VPAs within the assessment component of the MSE framework. However, given current software and computers, this would substantially increase the computing time and practical limitations would quickly be approached. It certainly would not be feasible to consider the full range of options currently considered within the VPA assessments (CCSBT, 1998b; Polacheck et al., 1998c; Tsuji and Takeuchi, 1998) . Similarly, computing limitations are likely to be encountered if this MSE simulation approach were to be used with the more recently developed statistical time-series approaches involving very large numbers of parameters (e.g. Hilborn et al., 1998) . If these more complex approaches are able to extract more information about the current status of a resource and its dynamics, there will be an increasing dilemma and tension between the need to evaluate alternative management strategies and the use of these methods for providing assessment and decision-making advice.
A key issue in the MSE simulation approach is to ensure that the operating model appropriately incorporates the full uncertainty about the real stock, its dynamics, and the sampling processes. This initial evaluation has incorporated the major and substantive sources of uncertainty in the current southern bluefin tuna assessment. However, there is clearly scope for improving and broadening the way these uncertainties have been handled. In particular, the uncertainties associated with catch at age, the relationship between the c.p.u.e. and true abundance, and the conditioning of the historical population size in the face of inconsistent historical data need further development.
Conditioning of the initial population size is a critical question. It has a large effect on determining the robustness and relative performance of different strategies. In the current evaluation, the set of VPA results from the recent assessments was used to determine the range of plausible initial conditions. This range is probably too broad in some respects (i.e. it allows for initial conditions that are not fully consistent with the inputs and assumptions being used in the operating model). Improved performance would be achieved if more appropriate conditioning could be used to eliminate some of the initial population sizes that have substantial internal lack of fit and unrealistic stock-recruitment relationships. However, the range may not be broad enough to encompass the full range of hypotheses that would account for the current inconsistencies.
For example, the current conditioning is based on the assumption that the historical standardized c.p.u.e.s adequately account for changes in targeting and are linearly related to abundance. However, the operating model allows for a non-linear relationship estimated in the conditioning from the non-linearity that remains after the VPA has been fitted assuming a linear relationship. There is clearly an element of circularity in this. Ideally, the initial population sizes should be created by first assuming a non-linear relationship and then generating appropriately fitted historical numbers at age. The difficulty and challenge is determining how meaningfully to parameterize and constrain the range of possibilities. Presumably, if it were clear how best to do this, such non-linear relationships would have been tested and incorporated into the current assessments. In fact, incorporation of non-linear relationships is an area currently being pursued within southern bluefin tuna assessments (Hilborn et al., 1998; Polacheck and Preece, 1998) .
It should be clear that there is a very direct link between what uncertainties can adequately be accommodated within the current assessment framework and their incorporation into the application of this MSE simulation framework. However, it is this link that the MSE is attempting to break in order to ensure that results are robust. If this link is not recognized, apparently robust performance from a particular management strategy could reflect the limits of uncertainty considered in the conditioning rather than the real properties of a particular management strategy. As such, the more fully uncertainty is adequately and realistically incorporated into the assessment and conditioning, the better the basis that will exist for developing and evaluating management procedures that will work. At least in this context, application of the MSE simulation approach does not overcome the need for adequate stock assessments. It provides an approach for integrating the uncertainty, not one in which the uncertainty can be ignored. It emphasizes the importance of incorporating the real uncertainty so that management frameworks can be developed that provide robust and reliable decisionmaking in the face of uncertainty.
